Abstract-Background: fMRI is becoming a standard tool for the presurgical lateralization and mapping of brain areas involved in language processing. However, its within-subject reproducibility has yet to be fully explored. Objective: To evaluate within-test and test-retest reliability of language fMRI in consecutive patients undergoing evaluation for epilepsy surgery. Methods: Thirty-four unselected patients were investigated once (within-test reliability) and 12 patients twice (test-retest reliability). The imaging series consisted of an alternating 25-second synonym judgment condition with a 25-second letter-matching condition repeated 15 times. Reproducibility of activation maps of the first and second half of session 1 or activation maps of sessions 1 and 2 was evaluated by comparing one global and three regional lateralization indexes (Broca's area, remaining prefrontal cortex, temporoparietal area) and on a voxel-by-voxel basis (intraclass correlation coefficient, percentage overlap, correlation of t-values). Results: Global and regional language lateralization was achieved with high reliability within and across sessions. Reproducibility was evenly distributed across both hemispheres but not within each hemisphere. Frontal activations were more reliable than temporoparietal ones. Depending on the statistical threshold chosen, the voxel-by-voxel analysis revealed a mean overlap of activations derived from the first and second investigation of up to 48.9%. Conclusion: Language fMRI proved sufficiently reliable for the determination of global and regional lateralization of language representation in individual unselected patients with epilepsy. NEUROLOGY 2003;60:969 -975 It is often necessary to lateralize or even localize brain areas essential for language processing prior to neurosurgical intervention. Especially in patients with a history of brain damage during early development or childhood, anatomic landmarks alone cannot accurately delineate language areas because functional anatomy may be abnormal.
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It is often necessary to lateralize or even localize brain areas essential for language processing prior to neurosurgical intervention. Especially in patients with a history of brain damage during early development or childhood, anatomic landmarks alone cannot accurately delineate language areas because functional anatomy may be abnormal. 1 In contrast to the intracarotid amobarbital procedure (IAT) 2 and electrocortical stimulation, 3 which allow the identification of the hemisphere or the brain area essential for the execution of particular language functions by inactivation, fMRI visualizes the activation of those brain areas participating in the execution of a certain task. Nevertheless, fMRI is increasingly used in the presurgical evaluation of patients with epilepsy because it is a noninvasive procedure with apparently impressive spatial resolution.
So far, the validity of language fMRI has been proven in a large number of patients with regard to language lateralization 4 and in a smaller number of patients with regard to language mapping, the precise delineation of a particular language area. 5 Previous validation studies were based on across-subject correlations, but as a diagnostic tool, fMRI has to deliver clear and reproducible results in each individual patient. Thus, the intrasubject reproducibility of language fMRI is an important measurement in the assessment of its clinical usefulness. However, the within-subject reproducibility with regard to language lateralization or mapping has not yet been comprehensively evaluated. 6 Hence, we assessed whether language fMRI is a reliable diagnostic tool for the presurgical lateralization and mapping of language areas. In the interpretation of our measures of reliability, it has to be borne in mind that the spatial normalization procedure, which is a prerequisite for statistical comparisons, introduces spatial imprecision of activations. Thus, one cannot expect 100% reliability for language mapping on a voxel-by-voxel basis.
Patients and methods. Within-test comparison/patients. Thirtyfour consecutive patients (21 women, 13 men) with drug-resistant focal epilepsy from our presurgical evaluation program were investigated once. The mean age at investigation was 33.3 years (range 16 to 59 years) and at manifestation of epilepsy 13.7 years (range 1 to 41 years). Twenty-seven patients were right-handed (Edinburgh Handedness Index [EHI] Ն66), four were ambidextrous (EHI 25, 33, 50, 60), and three patients were left-handed (EHI less than Ϫ85). The mean duration of formal education was 11.9 years (range 6 to 19 years).
Structural MRI revealed no lesion in 2, right hemispheric lesions in 15, and left hemispheric lesions in 17 patients. Most of these lesions were located in the temporal lobes (21), some in the frontal lobes (5) , and the parietal lobes (1) . In five patients, lesions extended over at least two lobes within one hemisphere. MRI results were suggestive of hippocampal sclerosis in 13 patients, tumor in 8, porencephalic cyst in 3, cortical dysplasia in 3, and focal gliosis in 1 patient. The remaining MRI were either normal or showed nonspecific changes.
Test-retest comparison/patients. Twelve consecutive patients with refractory focal epilepsy (seven women, five men) from our presurgical evaluation program who were not included in the within-test comparison were investigated twice within 1 day. The mean age was 29.3 years (range 16 to 39 years) at investigation and 10.5 years (range 1 to 25 years) at epilepsy onset. Nine patients were right-handed (EHI Ն66), two were ambidextrous (EHI 33, 50), and one patient was left-handed (EHI Ϫ100). The mean duration of formal education was 11.2 years (range 6 to 13 years).
Structural MRI revealed right hemispheric lesions in three and left hemispheric lesions in nine patients. Most of these lesions were located in the temporal lobes (eight), some in the frontal (three), and extended over at least two lobes within one hemisphere (one). MRI results were suggestive of hippocampal sclerosis in five patients, tumor in three, porencephalic cyst in one, and cortical dysplasia in three patients.
Procedure. We utilized a paradigm with a semantic-perceptual contrast, 7 which provided an active control condition, avoiding unrestrained conceptual processing during a rest condition, 8 and which (unlike other frequently used paradigms without overt responses) permits monitoring of behavioral performance.
Subjects laid in a supine position with their head stabilized by an individually molded vacuum cushion. Stimuli were backprojected onto a translucent screen positioned opposite the magnet bore using an LCD projector. Subjects viewed the stimuli by way of a mirror mounted on the head coil. While undergoing fMRI, they were presented with a series of item pairs, either word pairs or consonant string pairs, using ERTS software for stimulus presentation and response recording (BeriSoft Corp.; http://www-.erts.de). Both constituents of each pair were simultaneously presented for 4 seconds, above and below a central fixation cross. An active condition (semantic decision task) alternated with a control condition (letter-matching task) every 25 seconds, so that six item pairs were presented for each of 30 half-cycles, one every 4.125 seconds (4-second item presentation plus 0.125-second interstimulus interval).
The verbal stimuli of the semantic condition were 180 common German nouns, ranging in length from 5 to 11 letters. Words were selected to form 45 word pairs comprising words with identical or highly similar meanings (synonyms) and 45 word pairs comprising semantically unrelated words. The unpronounceable consonant strings of the control condition were developed using a pseudorandom algorithm to represent 90 pairs, 45 pairs of two identical strings and 45 pairs in which one letter was different between the two constituents of one pair. Strings were matched with words with regard to the number of letters. Pairs of synonyms and unrelated words as well as identical and different consonant strings were randomly intermixed across subjects within each condition. For the test-retest assessment, a second set of stimuli were created with identical characteristics. The order of stimuli sets was balanced across subjects.
In the semantic condition, subjects were required to decide whether the words of a pair were synonyms or semantically unrelated. In the control condition, subjects matched the pair of consonant strings. They were asked to push a button of a fiber-optic control pad (Lumitouch; http://www.coldswitch.com) with the index finger of the dominant hand whenever they saw a pair of synonyms (semantic condition) or of two identical letter strings (control condition).
MRI acquisition. All scans were performed on a 1.5 T scanner (Symphony; Siemens, Erlangen, Germany) using standard gradients and a circularly polarized phase array head coil. Only automatic tuning, matching, resonance frequency setup, and shimming with no manual optimization were performed. We acquired a series of 248 T2*-weighted axial echo-planar imaging (EPI) scans including 8 initial dummy scans parallel to the anterior-posterior commissural line for each session with the following parameters: number of slices (NS) 16; slice thickness (ST) 6 mm; interslice gap (IG) 0.6 mm; matrix size (MS) 64 ϫ 64; field of view (FOV) 220 mm; echo time (TE) 50 milliseconds; repetition time (TR) 3.125 seconds. For surface rendering depicting activations, we acquired a sagittal T1-weighted three-dimensional fast lowangle shot (FLASH) sequence (NS 120; ST 1.5 mm; IG none; MS 256 ϫ 256; FOV 230 mm; TE 4 milliseconds; TR 11 milliseconds).
MRI data analysis. We used SPM99 (http://www.fil.ion.ucl.ac.uk/spm/) for processing of anatomic and functional images. After data conversion into Analyze format and orientation, functional images were analyzed as follows: 1) registration of the motion correction parameters; 2) calculation of the parameters for the normalization onto the Montreal Neurologic Institute Atlas based on the first EPI scan using the EPI template with the default values for nonlinear corrections; 3) realignment and normalization utilizing the sinc-interpolation algorithm; 4) smoothing of the normalized images with a Gaussian kernel, using a full width at half-maximum of 7 mm; 5) modeling of the expected hemodynamic response function (hrf) with the appropriate block design, convoluted with the hrf as the basic approach; 6) filtering of the time series with the hrf as a low-pass filter and the suggested value of 106 seconds for the cutoff period of a high-pass filter; 7) correction for global signal drifts by intensity normalization; 8) application of individual thresholds to the estimated t-test maps and suppression of activation clusters with Ͻ10 pixels. Only the contrast semantic greater than perceptual processing is reported here.
To estimate global and regional lateralization indexes (LI), we performed an automated quantification of global and regional activation clusters as described previously. 7 We selected three regional volumes of interest (VOI): Broca's area, an area combining prefrontal activations outside Broca's area (remaining prefrontal), and a temporoparietal area. Overlay masks were generated from the averaged statistical parameter map with a region-growing algorithm starting from the local activation maximum. Adding mirror images so that a corresponding negative matched each positive x-coordinate generated the symmetric masks used. For the global LI, we masked the whole supratentorial brain, excluding three sagittal midline planes to minimize errors due to normalization discrepancies.
For the calculation of the LI, we had objectively to adjust individual thresholds for the identification of activated pixels because of intersubject variability in general activation levels. This was achieved by first calculating a mean maximum t-value defined as the mean of those 5% of voxels showing the highest level of activation in each VOI of both hemispheres. The threshold for inclusion in the calculation of the LI was then set at 50% of this mean maximum t-value. Finally, the sum of t-values of voxels with values above this threshold entered the formula used to produce weighted LI:
where V ϭ set of activated voxels within the specified mask, X L ϭ t-value of left hemispheric voxels, and X R ϭ t-value of right hemispheric voxels.
Within-test comparison. We calculated a simple linear correlation of global and regional LI derived from the first and second half of each fMRI data set and depicted the resulting scatterplots.
Test-retest comparison. Calculating a simple linear correlation also compared global and regional LI derived from the first and second investigation. To investigate the test-retest reliability on a voxel-by-voxel basis, three complementary methods, based on a previous single-subject analysis, 9 were used: the intraclass correlation coefficient (ICC), the percentage overlap, and the linear correlation of t-values using simple scatterplots.
The ICC shows the spatial distribution of reliability and uses estimates of variance components within a linear model. 10, 11 In our model, which considers only within-and between-subject variance, the scanner is assumed to be a constant term without any variation. 9 On this basis, the one-way random effects analysis-ofvariance model for j ϭ 1, . . ., N subjects and i ϭ 1, . . ., K scanning occasions can be described as the following:
Here, is the overall mean of the observed value, x ij and b j the individual deviation from , and w ij denotes within-subject variability of Subject j. Based on this model, the ICC estimate can be calculated as the difference of the between-and within-subjects mean sum of squares divided by their sum (in case of just k ϭ 2 occasions):
where MSB ϭ between-subject variance and MSW ϭ withinsubject variance. This ICC captures the differences between the within-and the between-subject variability. If, for instance, within-subject variability is very low, which means good withinsubject reliability, the ICC is close to 1.
Whereas the ICC provides a reliability estimate for a sample of subjects, the percentage overlap and the overlap maps can indicate voxels, which were reliably activated in one subject during both sessions. This measure is independent from the actual statistical t-values, once they have passed the threshold chosen. Hence, we calculated the overlap using four different statistical thresholds: p Ͻ 0.1, p Ͻ 0.05, p Ͻ 0.01, and p Ͻ 0.001. The relative amount of overlapping volume R ij overlap between two activation SPM maps can be calculated by a method introduced by Rombouts et al. 13 :
with V i and V j denoting the number of voxels in two (linear contrast) activation SPM(t) maps i with respect to j with significant activation and V overlap the number of voxels significant in both maps. In addition to that, linear correlation and scatterplots can also be used for within-subject reliability analysis. 14 The simplest way is to plot the t-value of the first measurement against that of the second for each voxel. Good reliability is present if the resulting scatter pattern shows a close correlation between the t-values of the two t-contrasts. To reduce the noise from the nonsignificant voxels, correlation coefficients were calculated only for voxels that reached a t-value greater than the 99% quantile (t Ͼ 2.3597) of the t-distribution with large df (Ͼ500) in at least one examination session. Within-test reliability. Linear correlations of global and regional LI derived from the first and second half of each data set revealed a high degree of within-test reliability (figure 1). This reliability was larger for the global LI (r ϭ 0.898, p Ͻ 0.0001) than for the regional ones (Broca's area: r ϭ 0.715, p Ͻ 0.0001; remaining prefrontal: r ϭ 0.781, p Ͻ 0.0001; parietotemporal: r ϭ 0.794, p Ͻ 0.0001).
Test-retest reliability. The test-retest comparison of global and regional indexes also revealed positive correlations with closer correlations and higher significance levels for frontal than posterior activations (global: r ϭ 0.815, p Ͻ 0.001; Broca's area: r ϭ 0.837, p Ͻ 0.001; remaining prefrontal: r ϭ 0.982, p Ͻ 0.0001; parietotemporal: r ϭ 0.695, p Ͻ 0.05). Looking for factors influencing differences between the first and second investigation, we initially calculated individual differences for the global and regional LI and then correlated these differences with performance measures (mean of first and second investigations) and the overall activation level as assessed by the mean t-value of all voxels within each VOI above the threshold chosen. Neither a performance measure nor the overall activation level correlated with differences in LI between the first and second investigation (max r Ͻ 0.51, NS).
The ICC map shows the spatial distribution of the reliability of the observed activation ( figure 2A) . The ICC is calculated of each voxel, which reached the significance level of p Ͻ 0.01 at least in one of the sessions. As can be seen from figure 2A , the test-retest Discussion. Our results show that language fMRI, as used here, can reliably define the languagedominant hemisphere in individual patients with epilepsy. In addition to global lateralization, our fMRI protocol lateralizes particular language regions like Broca's area reliably. By achieving this, fMRI offers complementary information to the IAT because the IAT does not provide any localizing information within a hemisphere. Moreover, fMRI is not invasive, and if on-line analyzing tools are exploited, it can be used as a time-saving and cost-effective tool for the determination of language dominance within routine MRI sessions. 7 Nevertheless, a principal limitation will remain: FMRI is an activation procedure revealing participating, but not necessarily all, essential brain regions involved in the execution of a particular task. Therefore, one has to advocate caution regarding the replacement of inactivating techniques by language fMRI in presurgical evaluation protocols. Although we found a high degree of reliability on a voxel-by-voxel basis, it is impossible to draw any conclusion about the precision of our fMRI protocol with regard to the definition of neurosurgical excision margins close to a language area, because we had to use spatially normalized data for statistical purposes. Spatial normalization introduces distortion and thereby spatial imprecision. Our statistical method did not allow an assessment of the retest reliability of raw (not normalized) fMRI data, which, of course, would have been used to guide resection in a clinical setting.
LI were reliable across the whole range of hemispheric language distributions from dominant right through bilateral to dominant left hemispheric language representations (see figure 1) . If a right hemispheric voxel was significantly activated once, it had the same probability to be activated during a second investigation as a left hemispheric voxel that had previously been significantly activated (see figure  2A) . The similar reliability of left and right hemispheric activations is an important prerequisite for the detection of patients with atypical language dominance. However, the test-retest reliability was not evenly distributed within each hemisphere, as most clearly shown by the ICC map (see figure 2A) . Whereas activations in Broca's and the premotor area show a high degree of reproducibility, temporoparietal activations were less reliable, at least in the test-retest comparison. This intrahemispheric gradient of reproducibility of frontal and posterior language-related activations is in line with previous fMRI findings. 15, 16 It may be due to technical limitations, task-specific effects, or both. Brain areas surrounding the sylvian fissure, for instance, are more sensitive to susceptibility artifacts causing signal distortion or attenuation, and task-related activity in the temporoparietal brain area might be influenced by the perception of scanner noise. That the reliability of temporoparietal lateralization seems to be greater in the within-test than the test-retest comparison would support the idea of a more technical explanation for the anterior-posterior reliability gradient. Differences in field homogeneity, for instance, are much larger across different sessions than within the same investigation, and such differences are likely to affect activations contaminated by technical artifacts more than "clean" activations.
Given the involvement of this posterior brain region in auditory language perception 17 and syntactic processing, 18 a task focusing on these operations might usefully extend our protocol for the presurgical evaluation of patients in whom a temporoparietal resection is planned. 17 We investigated a highly heterogeneous sample of consecutive unselected patients from our epilepsy surgery program, with diverse types and locations of structural lesions. The fact that, with regard to language lateralization, the simple protocol used here produced robust results suggests that it is suitable for use as a clinical tool in the setting of epilepsy surgery evaluation. Within a certain range, task performance did not affect reliability, suggesting this fMRI technique could also be used in epilepsy patients with a degree of cognitive impairment. Nevertheless, there may be patients with epilepsy in whom fMRI could be less reliable. Certain lesions or locations of lesions could be associated with particularly poor reliability. Unfortunately, the group examined here was too small to allow meaningful subgroup analyses of this issue.
The limited precision in delineating the border of certain language areas could be a limitation specific to the simple protocol used here. However, it is likely to be a wider problem limiting the clinical application of fMRI in precise language mapping because the spatial extent of a cluster of activated voxels depends largely on the statistical threshold chosen. Given the intersubject variability in activation levels, no generally predefined threshold can be applied. Hence, statistical thresholds have to be individually adjusted, and the exact extent of a particular activation cluster must remain imprecise, at least in single subjects. A systematic validation study 5 comparing not spatially normalized fMRI activations derived from a whole set of different paradigms with the results of direct electrocortical stimulation mapping in the temporal lobe revealed a specificity of 61% and false-positive activations in 51%, leading the authors to conclude that their results precluded the replacement of electrocortical stimulation mapping by fMRI as it is currently performed. Perhaps some kind of normalization of the individual level of activation could mitigate this problem, for instance, a normalization based on a comparison of the individual language activation level with the activation level within a brain area like the primary visual cortex, where there is a linear relationship between fMRI signal change and changes in neural activity. 19 
